An insertion element [transferred DNA (T-DNA)], transferred by soil agrobacteria into the nuclear genome of plants, was used for induction of gene fusions in Arabidopsis thaliana, Nicotiana tabacum, and Nicotiana plumbaginifolia. A promoterless aph(3')H (aminoglycoside phosphotransferase II) reporter gene was linked to the right end of the T-DNA and transformed into plants along with a plasmid replicon and a selectable hygromycin-resistance gene. Transcriptional and translational reporter gene fusions were identified by screening for APH(3')ll enzyme activity in diverse tissues of transgenic plants. The frequency of gene fusions, estimated by determination of the copy number of T-DNA insertions, showed that on average 30% of T-DNA inserts induced gene fusions in Arabidopsis and Nicotiana. Gene fusions were rescued from plants by transformation of the T-DNA-linked plasmid and flanking plant DNA into Escherichia coli. By dissection of gene fusions and construction of chimeric genes, callus-and root-specific promoters were identified that showed an altered tissue specificity in the presence of a 3'-downstream-located 35S promoter. Transcript mapping of a gene fusion and expression of a non-frame transcriptional fusion of bacterial luciferase luxA and luxB genes demonstrated that dicistronic transcripts are translated in tobacco.
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Defined phenolic compounds from plants activate the virulence genes of Ti plasmids in Agrobacterium (1, 2) . In turn, these genes direct the processing and transfer of any DNA sequence flanked by specific 25-base-pair (bp) direct repeats into plants where the transferred DNA (T-DNA) is integrated into the nuclear genome. T-DNA can therefore be considered as a mutator element that can cause insertional inactivation of plant genes (3, 4) .
Mutator T-DNAs carrying a selectable hygromycinresistance gene, a plasmid replicon, and a promoterless aph(3')II reporter gene (aminoglycoside phosphotransferase II gene of transposon Tn5; ref. 5) linked to the right end of the T-DNA were transformed to Arabidopsis thaliana, Nicotiana plumbaginifolia, and Nicotiana tabacum by Agrobacterium tumefaciens. To ascertain the proportion of T-DNA insertions leading to gene fusions in transgenic plants, callus, leaf, stem, and root tissues were screened for expression of the aph(3')II reporter gene, and the number of such transformants was related to the total number ofT-DNA insertions resulting from these experiments.
T-DNA mutated genes were rescued from transgenic plants in order to demonstrate that the T-DNA insertion was actually responsible for the observed tissue-specific expression of induced gene fusions. The analysis of gene fusions furthermore demonstrated that dicistronic transcripts are translated in plants.
MATERIALS AND METHODS

Construction of Plant Gene Fusion and Promoter Test
Vectors. A schematic map and construction of T-DNA vectors are outlined in Fig. 1 . DNA manipulations, ligation of synthetic oligonucleotide linkers, and isolation of plasmid DNAs were as described (11) .
Plant Transformation and Determination of the Copy Number of T-DNA Insertions. Protoplasts and leaf-discs prepared from Nicotiana tabacum SR1 and Nicotiana plumbaginifolia Viviani were cocultivated with agrobacteria and, following selection of transformed calli and shoots, regenerated to fertile transgenic plants as described (12) . Arabidopsis thaliana var. Columbia stem, leaf, and root explants were transformed and regenerated as described (13) . One hundred to 300 seeds, collected after self-pollination from each transgenic Arabidopsis and Nicotiana plant, were germinated in the presence of hygromycin (15 mg/liter) or kanamycin (100 mg/liter) to follow the segregation of the T-DNA-encoded antibiotic-resistance marker. From antibiotic-resistant T2 progenies DNA was purified and the copy number of T-DNA insertions was determined by Southern DNA hybridization using ocs, aph(3')II, and pBR322 sequences of the T-DNA as probes (6, 11) .
T-DNA Rescue, Isolation, and Characterization of Gene
Fusions. Callus, leaf, stem, and root tissues of transgenic plants were screened for expression of gene fusions by APH(3')II enzyme gel assay as described (14) . Gene fusions were isolated from plants carrying single T-DNA inserts. Five micrograms of Arabidopsis or 25 ug of Nicotiana nuclear DNA was digested with HindIlI or Xba I, self-ligated at a concentration of 20 ug/ml, and transformed into Escherichia coli DH1 competent cells (15) . From plasmids containing the rescued T-DNA and circular permutation of flanking plant DNA sequences, fragments were subcloned in M13mpl8, as well as in pUC18 and pUC19 vectors to determine their nucleotide sequence (16) , and used as probes for physical mapping of T-DNA mutated loci by Southern DNA hybridization. Putative promoter sequences located 5' upstream of the aph(3')II reporter gene of rescued gene fusions were cloned upstream of a new aph(3')II gene in promoter test vectors pPCV801 and pPCV811 and transformed into tobacco and Arabidopsis. The expression of chimeric genes was tested by APH(3')II assays in at least five transgenic plants, from which poly(A)+ RNA was purified as described (6 (9) into BamHI-HindIII sites of vector pUC19 (10) . To construct pPCV702luxAB, the luxAB operon, in which 26 bp separate the luxA and luxB coding sequences, 4- was inserted into the BamHI site of pPCV702.
AGAACCTGCGTGCAATCCAT-3') that hybridized to the 5' end of the aph(3')II coding region (17) . Luciferase activities were determined in diverse tissues of pPCV702luxAB-transformed tobacco plants as described (7) using a homogeneous enzyme as standard.
RESULTS
Induction of Gene Fusions by T-DNA Insertions in Plants.
To detect T-DNA insertions in transcribed genomic loci, a promoterless aph(3')II reporter gene was fused to the right end of the T-DNA of plant gene fusion vectors pPCV621 and pPCV6NFHyg (Fig. 1) . Both T-DNAs were provided with a chimeric hygromycin-resistance gene and with a pBR322 plasmid replicon to facilitate the selection of transformed plant cells and the recovery of T-DNA tagged genes in E. coli.
In pPCV6NFHyg the ATG codon of the aph(3')II reporter gene was deleted, whereas in pPCV621 two in-frame stop codons were inserted upstream of the ATG triplet. The synthesis of an enzymatically active APH(3')II fusion protein in pPCV6NFHyg-transformed plants thus implied that the T-DNA induced a translational gene fusion by integrating into the protein coding region of a host gene. In pPCV621-transformed plants, on the other hand, the APH(3')II activity was indicative of transcriptional gene fusions resulting from insertion either in a coding region or in nontranslated sequences of transcribed loci. Both T-DNAs were transferred from Agrobacterium tumefaciens to Arabidopsis thaliana, Nicotiana From an Arabidopsis transformant, Ath621-37, which displayed reporter gene activity in callus and root, the T-DNA was rescued as a tag in a genomic HindIII DNA fragment of 1.9 kilobases (kb). The nucleotide sequence of a 0.9-kb copies 4/9 13/42 3/6 3/5 ND TF, transcriptional gene fusion induced by pPCV621 T-DNA; PF, translational gene fusion generated by pPCV6NFHyg T-DNA; aph+, APH(3')II enzyme activity in a given tissue or organ; L, leaf; S, stem; R, root; LS, leaf and stem; SR, stem and root; LR, shoot and root apices; LSR, organs with vascular tissues; aph+/T-DNA copy, proportion ofaph' transformants among plants carrying 1, 2, or more T-DNA insertions; ND, not determined.
HindIII-Bcl I fragment and of a 1.1-kb Cla I fragment flanking the T-DNA in the rescued plasmid was determined and showed that the integration of the T-DNA occurred by retaining 15 bp from the left and 1 bp from the right 25-bp direct repeats.
To demonstrate that the rescued clone carries a functional plant promoter, overlapping fragments located 5' upstream of the reporter aph(3')II gene were inserted in promoter test vectors pPCV801 and pPCV811. New chimeric aph(3')II genes carrying either a 0.38-kb Xba I-Bcl I fragment (Fig. 2a) or a 0.9-kb HindIII-Bcl I fragment were coupled 5 (Fig. 2b) . Chimeric genes carrying the shorter 0.38-kb fragment also showed expression in callus and root but were also active in stem and petioles.
Neither of these genes was expressed in leaves. In contrast, pPCV801 constructs conferred a high level of expression in leaf and stem, as well as in callus and root tissues (Fig. 2c) (Fig.  3b) . In comparison to pPCV7011uxA&B-transformed plants (7) , in which separated luxA and luxB genes were transcribed from mas 1' and 2' promoters, pPCV7021uxAB transformants expressed 50-to 100-fold lower luciferase activities in leaves. plored a gene fusion technique in order to select for T-DNA insertions in functional plant genes (20) . A promoterless aph(3')II gene was linked to the right end of the T-DNA and kanamycin-resistant transformants were selected in tobacco and Nicotiana plumbaginifolia tissue cultures. Characterization of these gene fusions demonstrated that selection for tissues expressing a promoterless reporter gene not only limits the type of detected gene fusions to those expressed in tissue culture but also results in aberrant and multiple T-DNA insertions that impede the genetic analysis (unpublished).
To overcome this problem, the mutator T-DNAs were supplemented with a nos promoter-driven hygromycinresistance gene. Hygromycin-resistant transgenic plants were obtained by transformation and gene fusions were identified by screening for the expression of a promoterless aph(3')II reporter gene in vegetative organs. The results described above show that this modified approach led to gene fusions in at least 25% of all transformed plants, which carried intact T-DNA insertions at a low copy number.
Although the low sample size prevented a statistical evaluation, the results indicated that T-DNA insertions in Arabidopsis and tobacco induced transcriptional and translational gene fusions at similar frequencies. This is intriguing because the genome organization ofthese species is strikingly different. Arabidopsis has a small genome (7 x 107 bp) with a low content of repeated DNA, whereas the tobacco genome is large (1.5 x 109 bp) and consists of 60o repeated and 40o single-copy DNA (21, 22) . The transcript complexity of tobacco is 7 x 107 nucleotides, which corresponds to 60,000 genes and to 11% of single-copy DNA (23) . DNA of similar size, equivalent to the genome size in Arabidopsis, was calculated to encode 15,000 genes (24) . Due to differences in the density and distributions of transcribed sequences, it is not conceivable that a similar frequency of gene fusions can be obtained in both species by random T-DNA insertions. Rather, this suggests that the T-DNA is preferentially integrated into sequences that potentially can be transcribed.
T-DNA-mutated plant genes were recovered from plants by a simple plasmid rescue. By construction of new chimeric genes, it was demonstrated that gene fusions linked the reporter gene to functional plant promoters, the activity of which showed tissue-specific regulation. In pairwise combination with the CaMV 35S promoter, the isolated plant promoters displayed an altered specificity. It has been reported that the CaMV 35S promoter contains a positive enhancer element that activates transcription in a distancedependent manner when placed upstream of other promoters (25) . Our (18) . Fractions containing the luciferase were eluted, concentrated by chloroform/methanol precipitation (19) , and subjected to immunoblot analysis as described (7) . Lane 1, 150 ng of purified bacterial luciferase; lane 2, protein extract purified from pPCV702luxAB-transformed tobacco plants.
frequency of observable gene mutations is however much dependent on the tissue culture steps involved in T-DNA transformation, which can themselves induce somatic mutations. The identification of T-DNA-induced mutations therefore must include a rigorous genetic linkage and complementation analysis. As an example of a morphologically visible mutation, one pale mutation was identified among the T2 progenies of 450 Arabidopsis transformants. This pale mutation cosegregated with the T-DNA-encoded hygromycinresistance marker. Characterization of the gene that corresponds to the pale mutation and encodes a protein of 46.251 D will be reported elsewhere.
